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] Abstract. In this talk I review soft collinear effective theory. After a discussion of the formalism 

f~>) , and properties of the effective field theory, I turn to phenomenology. I present results on color- 

ful ■ suppressed B — > D decays, and on the T radiative decay spectrum. 
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O : INTRODUCTION 

cn . 

y— i ; Effective field theories provide a simple and elegant method for calculating processes 

JT^ with several relevant energy scales yj, Part of the utility of effective 

i/-) ! theories is that they dramatically simplify the summation of logarithms of ratios of mass 

scales, which would otherwise make perturbation theory poorly behaved. Furthermore 
the systematic power counting in effective theories, and the approximate symmetries of 
the effective field theory can greatly reduce the complexity of calculations. 

In this talk I review soft-collinear effective theory (SCET) , which is an 

^ ■ effective field theory describing the dynamics of highly energetic particles moving close 

to the light-cone interacting with a background field of soft quanta. 

<D . 

•fl ' SOFT COLLINEAR EFFECTIVE THEORY 



A simple picture of the types of process which SCET applies to is given in Fig. [I] Here 
the brown muck represents a background of soft particles {i.e. particles with momenta of 
order Aq^q) through which travel collinear degrees of freedom with large energy Q ^> 
^QCD- ^he interaction of the collinear particle with the background introduces a small 
residual momentum component into the light- like collinear momentum so that collinear 
particles in the figure have momentum p^ = Qn^ 1 +k fl , where W 1 ~ Aqq} and = 
(1,0,0,-1). This can be compared with heavy quark effective theory (HQET) where 
the b quark inside the B meson has momentum p^ = Mv^ where = (1,0,0,0). 
There is however, a difference between heavy particles in HQET and collinear particles 
in SCET. The class of interactions shown on the left-hand side Fig. |3 are not allowed 
in HQET for arbitrary values of the momentum fraction z, since that would require 
the presence of a gluon with typical invariant mass of order M, and these have been 
integrated out. In SCET these types of interactions, shown on the right-hand side of 
Fig. El are allowed since they do not require the gluon to have a large invariant mass: any 
collinear particle can decay into any number of collinear particles. As a consequence the 
SCET Lagrangian is more complicated than the HQET Lagrangian. In particular SCET 



FIGURE 1. Collinear particle traveling through brown muck. 
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FIGURE 2. HQET splitting not allowed for arbitrary z (left). SCET collinear splitting allowed for any 
Z (right). 



consists of two sectors: soft and collinear. I give the leading SCET Lagrangian for the 
quarks without derivation, since this has been covered extensively in the literature, first 
in a label formulation 0.[E&[i3] 5 and subsequently in a position space formulation fill 
12]. The part of the SCET Lagrangian involving collinear interactions can be split into 
two pieces: one which includes the coupling of collinear quarks to soft gluons 

ft 

■Z'cs = £n,piin-D-% njP , (1) 

where in- D = in - d + gn -A s , with A s the soft gluon field. This expression looks very 
much like the HQET Lagrangian with the velocity v^ 1 replaced with the light-like vector 
n 11 , and was first derived in Ref. lfl3ll . The second piece of the collinear Lagrangian 



consists of interactions of only collinear particles among themselves: 



&c = L, P ^gn-A nq + ip^j^-ipt^n,p- (2) 

There are some very interesting symmetries exhibited by SCET. Though it is not obvious 
from the expression above, the Lagrangian is invariant under separate collinear and soft 
gauge transformations which provides a powerful restriction on the operators allowed 
in the theory [10]. Furthermore the Lagrangian is invariant under a global U(l) helicity 
spin symmetry, and must be invariant under certain types of reparameterizations of the 
collinear sector of the Lagrangian (30. 



COLOR-SUPPRESSED B -> D DECAYS 

Next I turn to phenomenology and review an SCET calculation of color-suppressed 
B — > D decays, see Ref. iflill . and related papers iTTvL Fl~8L FT^h . The reason these decays 
are so interesting is that in SCET the leading contributions are power suppressed, which 
makes their structure more complicated than leading order processes. 

In general B — > D decays can be classified into three three topologies commonly 
referred to as tree (T), color-suppressed (C), and exchange (E). Both C and E type 
decays are suppressed by l/N c in large N c counting. Decays which fall into these 
categories are B -> D°tz~ (C type), B° -> D+k _ (E type), and 5° -> D°k° (both C 
and E type). Of the color-suppressed decays only 5° — > D°n° has been observed so far. 
The branching ratio is (0.29 ± 0.03) x 10 -3 , which is nearly a factor of 50 smaller than 
T type decay branching ratios. Thus color-suppressed decays are indeed suppressed, 
but by an amount that can not be explained by a factor of l/N c . SCET can explain 
the additional suppression: both C and E type decays receive their first contributions at 
subleading order in the power counting leading to an additional suppression factor of 
-0.2. 

Using the properties of SCET the amplitude for color-suppressed decays can be 
factored: 

= J dxdzdk+dk+T^\z)J^\z,x,k+,k+)s^{k+,k+)<$> M (x) 

+A^ )M . (3) 

The hard kernel TW(z) includes physics at the scale Q 2 ~ m?, and the jet function 
J^ l \z,x,kf ,kt) includes physics at the scale QA, where A ~ lGeV. Both of these 
functions are perturbatively calculable. The functions and are non- 

perturbative. The latter is the familiar meson light-cone wave function, and the former is 
the lightcone distribution function of the spectator quarks in the B and D mesons. It is an 
unknown nonperturbative function which depends on the velocities of the heavy quarks 
v, v' and the collinear direction n of the light meson. This implies that the function is 
universal to both D and D*, and as a result the decay rate for B° —> D°7t° and B° — > D*°7t° 
are the same up to higher order corrections. The experimental data on the branching 



fractions is lEol 



21] 



Br(D°7t°) = (0.29 ±0.03) x 

Br(D*°7t°) = (0.26 ± 0.05) x 10" 3 . (4) 

Furthermore the function s^ik^k^) is complex and as a result contains a naturally 
large strong phase. The measurement of the strong phase gives 

8(D°7t°) = 30.4 ±4.8° 

5(D*V) = 31.0 ±5.0°. (5) 

The data seems to be a resounding confirmation of the SCET results. There are more 
predictions made in Ref. ifl^l and it will be interesting to see if these are confirmed. 



T RADIATIVE DECAY 

Next I turn to the radiative decay of the T. In a series of papers E IHHSS 
NRQCD was combined with SCET to determine the inclusive decay spectrum as well 
as the exclusive decay rate to f%. 



The radiative decay T — > Xy was first investigated about a quarter century ago [27]. 
The conventional wisdom was that this process is computable in perturbative QCD due 
to the large mass of the b quarks. Since then, we have learned much about quarkonium in 
gerneral c3l and this process in particular ll2^ I3QL l3l|j 32L l22ll . In addition, CLEO will 
soon update their original measurement of this decay ll33lT lt is thus timely to reexamine 
the theoretical predictions for this rate. 

Before the work of Refs. I22L I23L EM l26ll the standard method for calculating the 
direct radiative decay of the T was the operator product expansion (OPE) with opera- 
tors scaling as some power of the relative velocity of the heavy quarks, v, given by the 
power counting of Non-Relativistic QCD (NRQCD) |28]. The v -> limit of NRQCD 
coincides with the color-singlet (CS) model calculation of l27ll . This picture is only 
valid in the intermediate range of the photon energy (0.3 < z < 0.7, where z = 2E r /M, 
and M — 2mh). In the lower range, z < 0.3, photon-fragmentation contributions are im- 
portant 1E9I l30ll . At large values of the photon energy, z > 0.7, both the perturbative 
expansion [13011 and the OPE [31] break down. This breakdown is due to NRQCD not 
including collinear degrees of freedom. The correct effective field theory is a combina- 
tion of NRQCD for the heavy degrees of freedom and SCET for the light degrees of 
freedom. 



In Refs. II22LI23LI241 25] the different contributions were combined to obtain a predic- 
tion for the photon spectrum, which is shown in Fig. |3j along with the data. The error 
bars on the data are statistical only. The dashed line is the direct NRQCD tree-level plus 
fragmentation result, while the solid curve includes NRQCD and SCET. For these two 
curves the a s extracted from these data was used: a s (Mj) = 0.163, which corresponds 
to a s {M z ) =0.110 Q. The shape of the resummed result is much closer to the data 
than the NRQCD only curve, though it is not a perfect fit. Also shown is the NRQCD 
+ SCET result using the PDG value of a s (Mz) II34I1 . including theoretical uncertainties, 




FIGURE 3. The inclusive photon spectrum, compared with data \3&l . The theory predictions are 
described in the text. 

denoted by the shaded region. The darker band is an estimate of theoretical errors, while 
the lighter band includes experimental errors related to the extraction of the photon frag- 
mentation function 10511 . 
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